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STATUS OF THE DOE (STOR)-SPONSORED NATIONAL PROGRAM
ON HYDROGEN PRODUCTION FROM WATER VIA THERMOCHEMICAL CYCLES

C. E. Baker
L-wis Research Center-NASA
Cleveland, Ohio U,S.A.

ABSTRACT

A pure thermochemical cycle is a system of linked regenerative chemical
reactions which accepts only water and heat and produces hydrogen, Thermo-
chemical cycles are potentially a more efficient and cheaper means of
producing hydrogen from water than is the generating of electricity followed
by electrolysis.

The Energy Storage Systems Division (STOR) of the Department of Energy is
currently funding a national program on thermochemical hydrogen production,
The National Aeronautics and Space Administration is responsible for the
technical management of this program. The goal of this program is to develop
a cycle which can potentially operate with an efficiency >40 per cent using a
heat source providing a maximum available temperature of 1150K, A closed
bench-scale denonstration of such a cycle would follow. This cycle would he
labeled a "reference cycle'" and would serve as a baseline against which future
cycles would be compared,

INTRODUCTION

The Energy Storage Syvstems Division (STOR), formerly in the Office of
Conservation of the Energy Research and Development Administration (ERDA) but
now part of the Department of Energy (DOE), is currently funding a national
program on hydrogen energyv storage. The Nationa! Aeronautics and Space
Administration (NASA) ir responsible for the technical management of the
chemical-based portion of this program. One of the elements of this program
involves the production of hydrogen from water using thermochemical cyvcles.

A pure thermochemical cycle is a system of linked regenerative chemical
reactions which accepts only water and heat and produces hydrogen. Hybrids
of these cycles may also include electrolytic or photochemical reactions.
Thermochemical cycles are potentially a more efficient and cheaper means of
producing hydrogen from water than is the generating of electricity followed
by electrolysis. Both high-temperature nuclear reactors and solar concen-
trations are considered to be potential sources for the high-temperature
process heat required by such systems,

The goal of this program is to develop a cycle which can potent.ally operate
with an efficiency >40 per cent and produce hydrogen at a cost of <$10/106kJ,
using a heat source providing a maximum available temperature of 1150K. A
closed bench-scale demonstration of such a cycle would follow. This cycle
would be labeled a "reference cycle'" and would serve as a baseline against
which future cycles would be compared., Bench-sciale demonstration is defined
here as the continuous operation of a complete thermochemical cycle in a
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closed, integrated mode for several hundred hours, The scale for such
a demonstration is somewhat greater than laboratory scale but much less
than pilot plant scale,

The DOE (STCR) program on thermochemical cycles is broadly based with
participation by the private sector (Westinghouse, General Atomic, and
the Institute of Gas Technology), the academic community (University of
Kentucky), the DOE National Laboratories (Los Alamos Scientific Labor-
atory and Lawrence Livermore Laboratory), and sev:ral NASA field centers
(Lewis Research Center during FY 77 and the Jet Propulsion Laboratory).
The overall goals and important achievements of these groups will be
described including a description of the activities of the Thermochemical
Hydrogen Production Review Panel, This panel was recently formed at the
l.iversity of Kentucky to provide DOE with an independent review and
evaluation of promising cycles,

THERMOCHEMICAL CYCLES PROGRAM STRUCTURE

The overall approach for achieving the program goal described in the
INTRODUCTION may be summarized as follows: Work on the key reactions and
problem areas of specific cycles judged to be of potential interest, When
all the reactions of a cycle have beer deronstrated individually in thke
laboratory (at least on a batch-scale basis) and an engineering flowsheet
for the overall process has been prepared, obtain a preliminary assessment
of the cycle's performance by an objective group. Using this information
select two cycles for assembly into closed hench-scale demonstration. 1In
parallel with this effort, conduct a supporting research and technology
program emphasizing generic technologies.

In order to implement this overall program element approach, the activities
of the thermochemical cycles program have been grouped according to the
following categories: Specific Cycle Development, Supporting Research

and Technology, and Cycle Evaluation. Specific objectives and status of
on-going activities in each of these categories will be discussed in the
sectionsthat follow, In these Jiscussions any statements pertaining to
future activities should not be construed as a commitment on the part of
DOE (STOR) or by the participating organization,

SPECIFIC CYCLE DEVELOPMENT

The tasks in this category will provide some of the laboratory data
necessary for the subsequent evaluation of eaisting cycles prior to the
selection of the two cyvcles for bench-scale demonstration, Operation of
a single step of a thermochemical cycle in a bench-scale continuous-mode
provides valuable data (contaminant build-up, work of separation, pumping
work, heat transfer, etc.) which cannot be obtained from bitch-reaction
studies, These data will make it possible to develop more realistic
engineering flowsheets which are required for each cycle before the cycle
can be reviewed by the Evaluation Panel coordinated by the University of
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Kentucky.

Thermochemical Water Splitting - Sulfur lodine Cycle (General Atomic)

The sulfur-iodine cycle is a pure thermochemical cycle consisting of
the followirg three reactions:

2Hy0 +xIp + S0p+HS04 + 2HI,  Aqueous 298K (1)
Hp80,7H1,0 + S0; + %0, 144K (2)
I, + xIp 573K (3)

where the HI, represents a mixture of several polyiodides. A key

feature of tﬁis cycle is that under proper conditions the products of the
first reaction (H;504 and HIy) separate under gravity into two phases
because the two acids differ in density and are nearly immiscible. The
upper phase contains most of the H3504, and the lower phase contains most
of the HIy, This cycle can be operated as an all-liquid and gas-phase
process, which should offer considerable engineering advantage over cycles
requiring solids handling,

The objectives of the program at General Atomic are to perform process
engineering on this cycle and bench-scale testing of the individual steps

of the cycle. Continued engineering is required to refine and Improve

the process design which already shows promise. Bench-scale testing of

the individual process steps provides the data necessary for the preparation

of a realistic engineering flowsheet, which is prerequisite to conducting
a bench-scale demonstration of an entire cycle.

Bench-Scale Testing A bench-scale unit for the main solution reaction
(reaction 1) has been designed, constructed, and tested for flow using
simulated reactants., Trichloroethylene dyed with iodine was used teo
simulate molten iodine and nitrogen was used to simulate S0, The design
for the sulfuric acid bench-scale unit has been completed. This system
will concentrate the . alfuric acid produced in the main solution reaction
and will then decompose the acid to produce SO; and 03. A recycle of unde-
composed acid is incorporated. The next step will probably be the design
and construction of a bench-scale model for iodine and water recovery

from the HI-H;0-I7 lower phase produced in reaction (1).

Process Engineering A redesign of the enginecering flowsheet (3rd gener-
ation) for this cycle is currently being prepared with more than half the
effort completed, A computer code (Design/2000 from the Chem Share Corp.)
is being used to expedite the flowsheet design. This latest flowsheet

will differ from the previous one in that it will show: (1) new operating
conditions and a subsequent higher vield of the main solution reaction,

(2) the use of H3zP04 as dehydrating agent in the HI-H70-12 separation
section, (3) higher pressures in the H;504 concentrating and decomposition
section, and (4) possilly a lower temperature catalytic cracking of the HI,
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These refinements in the flowsheet are expected to increase the process
efficiency to the 45-50 per cent range, as compared to 41 per cent for
the second-generation design., Additional details for the sulfur-iodine
cycle can be found in reference (1),

Development of the Hybrid Sulfur Cycle (Westinghouse)

The objective of the program at Westinghouse is to assess the technical
and economic feasibility of a hybrid (electrolytic/thermochemical)
hydrogen generation process based on the electrolysis of sulfurous acid.
This cycle (2) can be represented by the following two reactions:

50, + 2,0 Slectrolyslsh,504 + H) (4)
Ha504+H,0 + S0, + 1102 (5)

The net reaction for this proce:s is the decomposition of a molecule of
water into hydrogen and oxygen., Because the theoretical cell voltage

for sulfurous acid electrolysis (0.17 volts) is much smaller than

the corresponding voltage for pure water (1.2) volts), this process offers
the potential for producing hydrogen from water more cheaply thar electri-
city generation followed by direct electrolysis, However, for this
potential to be realized cell overvoltage must be minimized and an
efficient and economic means for concentrating and decomposing the sulfuric
acid produced by the electrolysis must be developed. In order to carry

out a meaningful assessment of the potential for this cycle, the operating
characteristics of the key process steps must be determined experimentally;
these data can then be used in the engineering and economic analysis of
the total system,

The experimental portion of the program at Westinghouse is concerned with
sulfurous acid electrolysis, materials for handling high temperature
sulfuric acid and S03/50,/07/steam mixtures, and sulfur trioxide reduction,
Process engineering for the cycle including flowsheet development and
evaluation is also part of this program,

Sulfurous Acid Electrolysis The work in this area has concentrated on
electrocatalysts, electrode configuration, and membranes for separating
the cathode and anode compartments of the electrolyzer cell, These studies
have been conducted at ambient temperature and pressure over a range of
sulfuric acid concentrations and current densities. Electrocatalysts of
the vanadium bronze and halide tyvpes as well as others are undergoing
evaluation. To date no material has been found which is as catalytically
active as platinum, The desirability of a non-noble catalyst for a
commercial process is obvious. If candidate catalyst materials which
compare favorably to platinum are found they will be dispersed in a carbon
matrix and fabricated into anodes for testing in the single ceil electro-
lyzer, If none of the catalysts tested appear promising, then a determin-
ation of the minimum platinum loading necessary for the desired cell
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performance of a platinized carbon anode will be undertaken. The
best anode for sulfurous acid electr lysis tested so far is a
briquetted, ligquid flow-thrcagh type constructed of carbon, The
performance of this ty»» anode (with a fixed platinum loadgng) will
be measured as a function of current density (200-400mA/cm<),
sulfuric acid concentration (50-80 weight per cent), temperature
(50-70°C), and porosity. A commercially available microporous rubber
was found to perform satisfactorily as the membrane separator; no
further development work on the separator is currently underway,
However, in the future, when the electrolyzer is operated at higher
temperatures, pressures, and acid concentrations a different membrane
may be required,

Table 1 presents the cell performance for salfurous acid electrolysis
that has been demonstrated to date along with the values that Westing-
house helieves can be achieved with more development, This was a single-
cell electrolyzer us.ing briquetted carbon electrodes with platinum as

the electrocatalyst, The cell operating conditions are also shown in
the table. It is obvious that the most improvement in cell performance
can be obtained by improving the anode catalyst and configuration, Only
a saall improvement in cell performance could be made by lowering the
cell resistivity, which is primarily due to the resistivity of the mem-
brane. It should be noted that the operating conditions shown in Table I
do not correspond to the operating conditions desired for a commercial
process, For this application pressures of 20 atmospheres, temperatures
greater than 400K, and a sulfuric acid concentration in the 70-80 wgt,
per cent range will probably be required,

Materials Studies are concentrated en finding materials of construction
sui.able for containment of sulfuric acid and its decomposition products
at high temperatures and pressures (up to 1144K at 20 atm,). Current
work involves static testing of compatibility of candidate materials
with concentrated sulfuric acid. A test facility for exposing material
samples to boiling sulfuric acid at temperatures to 725K has recently
been put into operation, Some candidates for the acid vaporizer are:
Dirion 51, Super Chlor, Hastelloy G and C4, SiC, Si Ny» and Aluminized
Stainless Steel, Porential S0z reduction-reactor miterials are being
screened in a flowing system capable of exposing the materials samples
to both anhydrous 803 and S03 containing H>0, Materials to be tested
include: 300 Series Stainless Steel (both uncoated and aluminized),
several Inconels, Incolloy 500, SiC, SizgNg, and Cermets,

Su fur Trioxide Reduction Since sulfur trioxide decomposes very slowly
{1 to sulfur dioxide and oxygen) unless catalyzed, a suitable catalyst
must be found for this reaction if the overall process is to be
economically feasible, The ideal catalyst would be cheap and its
activity would not degrade substantially with time. The facility for
screening S0. reduction has been modified to include the capability

of flowing a stream of steam, S03, and/or argon over the test catalyst
in whatever portions are desired. So far both vanadium pentoxide and

$s

e e ——
]

= r—
——

y

i

]

}

-

-t

il

ek

AL [

" :
| -



platinum have been tested as catalysts, Again, a non-noble metal is
desirable, However, the migration of the non-noble metal catalysts
downstream of the reactor zone because of hydroxide formation may be

a problem with these catalysts, A test facility for 503 reduction
catalyst screening capable of operating at pressures up to 20 atm, is
being designed, This will simulate the conditions expected in a
commercial unit, It can also be used to determine the effect of pressure
on the reaction kinetics of 503 reduction,

Laboratory Model A working laboratory model of the hybrid sulfur cycle

will be designed, constructed, and operated in a project jointly funded

by DOE (STOR) and Westinghouse. This model will prove the scientific
feasibility of water-splitting via thermochemical cycles, In addition,

it will serve as a test bed for subsequent long-term testing of

electrolyzer catalysts, electrodes, and S0z reduction catalysts and

provide the capability for assessing interactions between various process
steps. The model will operate at atmospheric pressure and will be

heated electrically. The electrolyzer will be of the bi-polar, multicell
type, consisting of about five cells in series, each with an area of 200-250
em?, A hydrogen output of approximately two liters per minute is anticipated.

Process Engineering and Economics Recent economic studies by Westinghouse
(2) indicate that their process has the potential of operating at an
overall thgrmal efficiency of about 54 per cent in a plant sized to
produce 10° standard cubic meters of hydrogen per day, However, these
calculations were made on the basis of design conditions, not an operating
conditionsthat have actually been achieved in the laboratory.

§¥gineering Development of the InSe Thermochemical Hydrogen Cyc)e (Lawrence
Livermore Laboratory)

Under DOE (STOR) support LLL has completed a preliminary process design,
flowsheet, and an economic analysis of an improved version of the InSe
cycle for hydrogen production. This cycle can be described by the
following major reaction steps:

2Zn0 + S.(1) + SOz(g)*ZnSe + InS0y 800K (6)
ZnSe + 2HCI(aq)+InCl;(aq) + H,Se(g) 350K (7)
ZnCly(1) + Hp0(g)»In0 + 2HC1(g) 900K (8)
ZnS04+In0 + Soz(g) + '502(g) 1200 (9)
HpSe (g)+Se (1) + Ha(g) 750K (10)

Compared to an earlier version of the InSe Cycle, this improved cycle
reduces by a factor of 2 the amount of ZnSp, to be decomposed at high
temperatures, and spreads the cycle heat requirements out over a broad
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temperature range. From a design standpoint this both improves cycle
efficiency and lowers equipment costs, For-the analysis, they assumed
a VHTR nuclear reactor heat source and developed special equipment
designs for the critical steps in the cycle. An overall cycle efficiency
of about 40 per cent and a hydrogen production cost of about $13/GJ was
obtained for a non-optimized analysis., LLL believes that these results
are conservative at this point of cycle development because of the
conservative nature of the input data, They wouid expect significant
improvements in reaction rates and . consequent lowering of equinment
costs if this cycle were to undergo engineering development, Results
of this study were presented recently (3), and a final report is in
preparation, Further DCE (STCR) support for experimental work on

the ZnSe cycle is not expected until the cycle has been evaluated by
the Thermochemical Hydrogen Review Panel. Availability of selenium and
possible toxicity problems with HySe are potential problem areas for
this cycle.

SUPPORTING RESEARCH AND TECHNOLOGY

The specific objectives in this category will provide some of the data
necessary for developing the technologies that are common to several
thermochemical c¢ycles or technology that may offer an alternative to
existing approaches

Cycle Efficiency Calculations and HBr Electrolvsis (Institute of

Gas Technology)

Load-Line Efficiency Calculations Under this task IGT has constructed
preliminary process flowsheets for cycles which they designate B-1 and
H-5, Cycle B-1 (4) is IGT's most developed cycle and can be represented
by the following four reactions:

3FeC12 + dHa0+Fez04 + 6HC1 + Hp 1125K (11)
Feg04 + SHC1 = 2FeCly + FeCly + 4H,0 500k (12)
2FeCly ZFeflz + Cl, 600K (13)
Cl; + Hy0 = 2HC1 + %0, 1125K (14)

Cycle H-5 is a proprietary metal oxide-sulfurous acid cycle,

The purpose of these calculations is to identify the portion of the overall
process that will benefit most from concentrated research and development
effort, The most energy intensive elements in the B-1 flowsheet have

been identified and mass and energy balance calculations have begun,

The two arcas that will most benefit from intensive engineering analysis
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are the HC1-I,0 separation scheme and the steam-rich conditions for
the FeCl; hydrolysis fbnctlon (11), which is the hydrogen producing
step in the cycle). 16T has investigated physical adsorption and
pressurized distillation as alternative HC1-H»0 separation schemes,
They are doubtful that better overall thermal efficiency will be
obtained with physical adsorption processes than with distillation,
Enough data has been acquired to evaluate high-pressure distillation,
It appears that the separation of HC1-H,0 mixtures can be made

more complete by pressurized distillation,

In order to interface with projected hydrogen transmission lines which

will operate at 70 to 100 atm,, the hydrogen-producing FeCl,-hydrolysis
reaction must be operated at elevated pressures. This will necessitate
a higher reaction temperature because the equilibrium mole fraction of

hydrogen falls off rapidly with intreasing pressure,

Maxirum Attainable Thermal Efficiency Calculation The maximum
attainable thermal efficiency of a cvcle is defined by IGT as the upper
limit that could be attained through a process flow sheet calculation
if heat exchange is optimized and capital costs for equipment are
ignored. IGT will calculate this efficiency for the following three-
step sulfur=bromine hybrid cycle:

2Hy0 + SO, + Bry+,S0, + 2HBr (15)
2HBroH, + Bry, Electrolysis (17)

This calculation will incorporate some elements of realistic operating
conditions including: (1) the heat required for endothermic reactions;
(2) an approximation for the work required for endoergic reactions and
for the separation of reactant/product mixtures; (3) an approximation
of the limits of recovering heat from exothermic reactions and from the
product streams of high temperature reactions; and (4) the effects of
performing reactions at actual temperatures of proven laboratory
operability rather than at thermodynamically optimum temperatures,

Hydrogen Bromide Flectrolysis Hybrid electrochemical cycles may operate
more efficiently and produce hydrogen at less cost than either a pure
thermochemical or a pure electrolytic process. The purpose of the
electrolysis subtask is to study the decomposition of HB8r which is
recognized as the key problem area for the sulfur-bromine hybrid cycle.
If an efficient process for decomposing HBr could be found, then this
cycle would represent an alternative to the hybrid cycle currently
being emphasized, the sulfur cycle, which utilizes electrolysis of
sulfurous acid, However, the HyS04 produced in the electrolysis of
sulfurous acid is relatively dilute and must be concentrated prior to
its decomposition. In contrast, the sulfur-bromine cycle avoids this




costly concentration process because the HaS0y produced in the first
step of this cycle is alrecady concentrated, .Another feature that
makes the HBr Hybrid Cyvcle attractive is that it should be possible
to separate HBr relatively cleanly in the first step of the cyele
(reaction 15) because the HBr will vaporize and entrain only small
amounts of S0, and H,0,

The work of Schuetz (5) and others on the electrolysis of HBr and on
the HBr-H;0 system has been reviewed., The principal difficulty in the
electrolysis has been the inahility to achieve high anode current
densities, Cathode efficiencies are reported to be quite good, with
high current densities obtained at elevated temperatures and pressures
on platinum electrodes,

Presently, electrode materials for this process are limited to the

very expensive noble metals, IGT will initiate laboratory experiments
to evaluate candidate low-cost electrodes, Platinum, "porous carbon}
and vitreous carbon will be tested as anodes, Operating cell voltages
at selected bath concentrations, room temperatures, and atmospheric
pressures will be measured as a function of current density over a 59 to
200 mA/Cn? range.

Thermochemical Processes for Hydrogen Production (los Alamos Scientific
Laboratory)

The primary role of the Los Alamos Scientific Laboratory (LASL) in

the overall thermochemical hydrogen program sponsored by DOE (STOR)

is to provide supporting research and technology in problem areas

common to a number of thermochemical cycles, New techniques for solution
concentration and thermochemical decomposition of HBr are exarples of
such activities, Technology developed in these studies will be continu-
ously transferred to industry,

Cycles presently under investigation that include sulfuric acid as an
intermediate are the hvbrid sulfur cycle being investigated at Westinghouse
and the sulfur-iodine cyvcle undergoing development at General Atomic,
Both these cycles incur large heat penalties (and thus a loss in
efficiency) in drving sulfuric acid solutions prior to sulfuric acid
decomposition, LASL work is aimed at reducing this heat penalty by
either avoiding the drving step in changing the cvcle's chenmistry or by
precipitating an insoluble, non-hydrated metal sulfate from the acid
solution, In either case, preliminary analysis shows a significant
increase of approximately 10 per cent in the efficiency on meeting design
goals,

The sulfur-bromime cvcle shown in reactions (15-17) eliminates the need
for acid concentratior as the products of reaction (13) are 100 wt per cent
sulfuric acid and anhydrous hvdrogen bromide (gas). Investigations

are proceeding to explore means of successfully carryving out reaction (16)
other than by electrolysis., Subcycles involving the intermediate sub-
stances VBr-VBry as well as CrBr, and CrBr: have worked, however the
reaction of hydrogen bromide with the lower bromide to evolve hydrogen




has been too slow in poth these cases,

The second app.oach to "drying" sulfuric acid solutions involves the
formation of a metal sulfate that decomposes readily to sulfur
trioxide, The sulfur trioxide gas can be decomposed more ecasily

and at less of a thermal requirement than sulfuric acid (»nhydrous).

A survey and assessment of the literature was made and showed that
the sulfates of bismuth and antimony satisfy the criteria for
insolubility as well a&s non-hydrate formation, Bismuth additionally
forms a serics of oxysulfates that decompose over a wide temperature
range to lower sulfates and eventually to the oxide, Los Alamos has
proposed the following precipitation scheme for concentrating H,504
solutions:

24,80, + Bij0,80,+Bi,(504)5++2H,0 (18)
312(504)33311.8!202%4 + 2504t (19)

where the downward-pointing arrow indicates precipitate formation
and the upward arrow indicates gas evolution, Experiments are
currently being run to measure SU3 pressures over bismuth sulfates
both with and without catalytic substances present to increase the
rate of 503 formation.

CYCLE EVALUATION

Continued evaluation of promising cycles will be required before a
reference cycle can be designated. To accomplish this, a group is needed
that can provide an independent, unbiased, standardized review and eval-
uation of promising thermochemical cycles designated by DOE/NASA.

Evaluation of Thermochemical Hydrogen Production Processes (University of

Kentucky)

To carry out these reviews, the University of Kentucky has established

a Thermochemical Hydrogen Review Panel with financial support from DOE.
Representatives of industry, the academic community, the D2F National
Laboratories, and private industry have been included »n this panel, A
member of a chemical engineerirg design organizatio~ ..as been included

on ‘the panel to assist in the economic analysis of these cycles. In ovrder
for a cycle to be a candidate for eva'uation by the panel, all the
individual chemical reactions in the cycle must have been demonstrated

in the laboratory (at least on a batch-reaction basis) and an engineering
flowsheet for the process must be available, A report in a standardized
format will be prepared by the panel for each cycle that is reviewed and
is expected to consisute the best appraisal of the current status of

the cycle. This information will be extremely useful to DOE/NASA
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technical management when they select the cycles for bench-scale
demonstration,

Areas of Concern FEach report will include a review and evaluation
in the fo!lowing arecas:

(1) Chemistry
(2) Flowsheet and Efficiency (Heat Penalty Analysis)
(3) Materials
(4) Economics

The membership of the panel was chosen so that an expert in each of

the above areas is included, Information in these areas required to
accomplish the cycle review will be furnished to the panel by the process
developer. Some details as to the report content in each of the areas
of concern will now be given:

(1) Chemistry

The reactions comprising a thermochemical process may range from
speculative to industrially proven, An evaluation will be made of
the status of the experimental data for particular reactions,
Important points which will be covered include:

- Experimental evidence that the reaction proceeds as written
and an evaluation of the experimental techniques used to
obtain such evidence (i.e. batch vs. flow, fresh reactants vs,
recycled reactants)

- Side reactions and how they might be avoided

- Effect of operating conditions including temperature and pressure
on the yield of the reaction, approach to equilibrium conditions,
and effect on equipment size

- Reaction kinetics and possible catalvtic improiements

- Availability of thermodynamic data for the reactants

(2) Flowsheet Development and Efficiency

The chemical engineering required to commercialize the process is
embodied in the process flowsheets., These flowsheets describe

the mass and energy flows as well as the process conditions., They
provide the basis for efficiency estimates, equipment upecification
and cost estimation, Important points that will be covered include:

= An assessrent of the flowsheets as to whether they are adequate
for detailed calculations of equipment sizes, etc,

= An estimation of the irreversibilities, or heat penalties,
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associated with the flowsheet, (The heat penalty associated
with each major step in the process will be estimated, The
total thermal energy requirement is the sum of the theoretical
heat requirement and all the heat penalties, These values
determine the process efficiency.)

- Assessment of the difficulty of separating the products from
one another and from the reactants, and estimates of the
actual heat equivalent of the separation work

- The nature of the interface between the primary heat source
and the process

- An identification of thoscaspects of the process which require
the development of new technology =~ The time required to
develop this technology will be assessed.

(3) Materials

An estimate will be made of construction materials required

based on the operating temperatures and pressures and chemical
compounds, The availability and relative costs of these required
materials will be discussed, Design alternatives which may affect
materi..  -‘onsiderations will be identified where possible,

(4) Eercvacs

A reasonably firm flowsheet based on a standard plant thermal input
must be available before equipment cost estimates can be made, 1If
such a flowsheet is available, a standard costing procedure will

be used for these estimates, If a satisfactory flowsheet is not
available, rough estimates of equipment cost will be made from
preliminary Jdata, Particular attention will be paid to the relation-
ship among heat penalties, efficiencies, capital costs, and production
costs, Using this irnformation, a plot of hydrogen production cost vs,
reciprocal efficiency wil! be prepared for the process,

It is expected that each report will point ost the individual steps of
the process which have the greatest effect on cycle efficiency and cost
of the hydrogen produced. The development effort on the cycle should
then be concentrated on these steps in order to make the greatest
improvements in the cycle,

Current Status The hybrid sulfur cycle was the first cycle chosen by
DOE for review, The first meeting of the review panel was held in the
fall of 1977; a second panel meeting is scheduled for January 1978,
The report containing the evaluation and recommendations for this
first cycle is expected to be completed by the end of March 1978,

ORIGINAL PAGE IS
OF POOR CUALITY

13-

e g il ot




OTHER PROGRAMS ON THERMOCHEMICAL HYDROGEN

In order to place the DOE (STOR) program on thermochemical hvdrogen in
its proper perspective, other programs on thermochemical hydrogen,
both in this country an’ abroad, shovlid be mentioned., It is beyond
the scope of this paper to discuss tlese programs in any detail,

Division of Basic Energy Sciences

The Division of Basic Energy Sciences, part of DOE's Office of Research,

is currently sponsoring a program on thermockemical hydrogen which includes
the participation of five DOE National Laboratories, two universities,

and a research institute, This program supports fundamental chemistry
studies leading to the improvement of and/or innovation of new chemical
cycles for thermochemical dissociation of water,

American Cas Association

The AGA is currently supporting programs at the Institute of Gas Technology
and st General Atomic, The objective of the project at IGT is to identify
and develop efficient practical processes for producing hydrogen from

water and nuclear heat, This hydrogen could, of course, be used as a
replacement for natural gas. The project at G\ involves studying processes
necessary for the development of the sulfur-iodine cycle.

Foreign Programs

There are large continuing efforts on thermochemical hydrogen at EURATOM,
Ispra, Italy, at the Julich Nuclear Research Center in West Germany, Both
these prograns are currertly emphasizing the develipment of sulfur-based
cycles, There are smaller programs in France and Japan. An international
Energy Agreement between most of the countries working on thermochemical
hydrogen was signed 1n October 1977, This agreement should facilitate

the exchange of resea'.n results, progress reports, etc., between partici-
pating countries,

REFERENCES

1. Schuster, J. R.; et al.: Development of a Sulfur-Iodine Thermochemical
Water-Splitting Cycle for Hydrogen Production. Proceedings of the 12th
Intersociety Energy Conversicn Engineering Conference, Vol. 1. Am.
Nucl. Soc., Inc., 1977, pp. 920-927.

2. Farbman, G. H.; et al.: Development Progress on the Sulfur Cycle Water
Decomposition System. Proceedings of the 12th Intersociety Energy
Conversion Engineering Conference, Vol. 1. Am. Nucl. Soc., Ine., 1977,
pp. 928-932.

=13~

——

- _—
¥
£ ik ks & dosufiade da pate iRl B ol Wiy Jhdme Ol S e et o

4 Sh

St —————



3. Otsuki, H. H.; Pearson. R, K.; and Kriworian, 0. H.: Recent Developments
in the Engineering and Chemistry of the ZnSe Thermochemical Hydrogen

Cycle.

Proceedings of the 12th Intersocliety Energy Conversion Engineer-

ing Conference, Vol. 1. Am, Nucl. Soc., Inc., 1977, pp. 939-946.

4, Gahimer, John S.; Mazumder, Mono; and Pangborn, Jon B.: Experimental
Demonstration of an Iron Chloride Thermochemical Cycle for Hydrogen
Production. 1lth latersociety Energy Conversion Engineering Conference
rroceedings, Vol. 1. Am. Inst. Chem. Eng., 1976, pp. 933-939.

5. Schuetz, G. H.: Wydrogen Producing Cycles Using Electricity and Heat
Hydrogen Halide Cycles: Electrolysis of HBr. First World Hydrogen
Energy Conference Procecedings, Vol. 1. T. N. Veziroglu, ed., Univ.
Miami, 1976, pp. BA49-BA66.

o}l

——



NEZE-TUNLVHIINIL -
FINSSTU DTHIJHSONLY -

ZWO/Vet 00Z-ALISNIQ INT¥HAD~

iNIO¥Ad °1OM 0S-NOLLVMINIONOD (IDV DIdnd’Ins-

SNOILIUNOD INILVYAJ4O

A 0Ty e it iy IVLLNALOd ONILVY3O T13D
Am 001 o b et i i ALIALLSIST¥ 1130
P R R SRR R S INEIGEIOd BERIVD
A 00€ Au 09y

....... '.ll.lll.l‘l'l..'..‘d(.”h&dwh_lg m82<
a3103roud Q3N THOV

SISATIOULITE AIDV SNOUNATNS-TONVINNO4NEd 113D

I rigvl

L3
Y

ORIGINAL PAGE
OF POOR QU






